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Abstract. Prompt fission neutron spectrum (PFNS) evaluations use available nuclear data to predict the PENS
across a wide range of incident and outgoing neutron energies. However, these data are sparse, inconsistent,
and incomplete with respect to the desired energy coverage. As such, evaluations sometimes predict features
of the PENS, such those relating to multi-chance fission and pre-equilibrium pre-fission neutron emission,
without any experimental verification. The Chi-Nu experiment at Los Alamos National Laboratory has recently
obtained high-precision results for the 2**Pu and *>U PFNS which, for the first time in most cases, have shed
light on multi-chance fission and pre-equilibrium contributions to the observed fission neutron spectrum. In
addition to providing the first experimental data on some of these fission properties, the angular coverage of the
Chi-Nu experiment allowed for the extraction of angular distributions of pre-equilibrium pre-fission neutrons.
PENS results of multi-chance fission and pre-equilibrium pre-fission neutron emission are discussed in this
proceedings in terms of the observed neutron spectrum and the average PFNS energies.

1 Introduction
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ter nucleus fissions into, typically, two fragments that then
emit neutrons and y rays. This type of fission is referred to
as first-chance fission and is the most likely type of fission
for lower incident neutron energies. However, if enough
excess energy exists for a neutron to be emitted prior to
fission, then a 2*Pu nucleus can fission instead of 2*°Pu,

and similarly a 2*®Pu nucleus can fission for even higher
incident neutron energies. These processes are referred to
as second- and third-chance fission, and the corresponding
*e-mail: kkelly @lanl.gov incident neutron-energy thresholds are typically E™ ~ 6
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Figure 2. Second-chance fission PFNS features observed by the Chi-Nu experiment for neutron-induced fission of 2°U (left) and >**Pu
(right) are shown here. The experimental incident neutron-energy ranges are shown in each plot. The bands and trends correspond to

evaluations at relevant incident neutron energies [12—-14].

MeV and E™ ~ 12 MeV, respectively. Finally, beginning
at E" ~ 12 MeV the reaction can occur by the emission
of a pre-equilibrium neutron that leaves the residual nu-
cleus in an excited state, which can then subsequently un-
dergo fission if the excitation energy is high enough. A
schematic illustration of these types of fission is shown
in Fig. 1. The features that these different fission pro-
cesses create in the PFNS of 23U and 2*°Pu are discussed
in Sec. 2 and the impacts on the average energy of the
PENS at each incident neutron energy are shown in Sec. 3.

2 Multi-Chance and Pre-Equilibrium PFNS
Features

Measurements of the PENS are commonly tagged on a fis-
sion signal, but strictly speaking, neutrons measured in co-
incidence with this fission signal are not guaranteed to be
“prompt fission neutrons”, i.e., neutrons emitted promptly
following fission. The extremely short timescales associ-
ated with nuclear fission make it experimentally impos-
sible to separate neutrons emitted after fission (true post-
fission, PFNS neutrons) from those emitted prior to fission
(pre-fission neutrons). For this reason, all experimental
PFNS measurements contain pre-fission neutrons from all
available multi-chance fission and pre-equilibrium neutron
contributions in addition to post-fission neutrons. These
different contributions create distinct structures in the ob-
served neutron spectrum, and even unique angular distri-
butions associated with the different spectral contributions.

The left panel of Figs. 2 and 3 show PFNS structures at
E%" ~ 0.1-1.0 MeV that appear near the onset of second-
and third-chance fission of 2*U, and the right panel of
Figs. 2 and 3 show the same features for >**Pu. Multi-
chance fission typically manifests in the PFNS as a distri-
bution of counts that peaks at roughly E;,. — Ep, where E,,
is the fission barrier height for the chance of fission un-
der study. Therefore, observations of these PFNS features
provide valuable information to evaluators on these fission

barrier heights. However, note that third-chance fission
does not appear to the level predicted by evaluations in
the 2°Pu PFNS, shown in the right panel of Fig. 3. The
ENDEF/B-VIIL.1 [14] and ENDF/B-VIIIL.O [13] evaluations
are shown in the left panel of Figs. 2 and 3 to highlight the
improvements made between these two evaluations, which
were in part due to the inclusion of low outgoing-energy
PENS data from Chi-Nu above Eil"" = 5 MeV [9]. The
ENDF/B-VIII.0 and JEFF-3.3 [12] evaluations are shown
in the right panel of Figs. 2 and 3 to shown the differences
between these two recent evaluations and the Chi-Nu re-
sults. The average PFNS energy plots shown in Sec. 3 add
an additional interesting point to this comparison.

Also shown in Fig. 3 are the measured PFNS fea-
tures corresponding to pre-equilibrium neutron emission
at E%" ~ 6-9 MeV. This feature again corresponds to
a distribution of counts, but this distribution is sharply
peaked at E;, — E, and corresponds to neutrons that
were emitted prior to establishing nuclear equilibrium, as
opposed to pre-fission neutrons emitted before second-
and third-chance fission that are emitted after establish-
ing equilibrium. Given the clarity with which the pre-
equilibrium structure was observed in the 23*Pu PENS, it
was possible to separate counts within the peak of the pre-
equilibrium neutron distribution corresponding solely to
the pre-equilibrium process from the underlying (predom-
inantly) post-fission neutron spectrum. These results were
described in Ref. [11], where it was also shown that these
counts appear to have an angular distribution consistent
with a pure inelastic scattering reaction, providing exper-
imental support to the theory that there is little-to-no cor-
relation between the fission axis and the pre-equilibrium
neutron angular distribution.

3 Average PFNS Energies

While the fine details of the PFNS itself are important, the
average PFNS energy, (E), is informative as well and the
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Figure 3. Third-chance fission and pre-equilibrium PFNS features observed by the Chi-Nu experiment for neutron-induced fission
of 23U (left) and **Pu (right) are shown here. The bands and trends correspond to evaluations at relevant incident neutron energies
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Figure 4. The trend of the average PFNS energy, (E), as a function E™ is shown here for 2*U and Z*°Pu in the left and right panels,
respectively. Relevant evaluations are plotted as well for comparison. The 2**Pu (E) uncertainties are also subdivided into statistical
and systematic components to demonstrate the importance of identifying and quantifying all possible sources of systematic uncertainty.
The 233U only has a subset of the total known systematic uncertainty applied for the data in this proceedings.

features of the PFNS described in Sec. 2 are also directly
reflected in (E). The left and right panels of Fig. 4 show
the (E) trends as a function of E** measured for >**U and
239Py, respectively, compared to recent nuclear data eval-
uations. Since multi-chance fission creates an excess at
low-energies in the PENS, there should be a corresponding
drop in (E) at E™ ~ 6 and 12 MeV. Both of these drops
are observed for 233U, but the third-chance fission PENS
contribution appears to be much weaker than predicted by
evaluations in 2*’Pu. This conclusion is supported by the
spectra shown in the right panel of Fig. 2.

An improvement on PENS measurements to be made
with Chi-Nu PFNS results that will be published in the
future [15] is the correlation of the measured PFNS data
points across both outgoing and incident neutron energy,
which can then yield insight into how reliable the shape of
the (E) trend is, as opposed to the absolute values. This in-

formation will add further insight to the comparison of, for
example, the Chi-Nu 239pyu PENS (E) trend to that of the
JEFF-3.3 [12] evaluation, which appear to have very simi-
lar shapes for the majority of the plotted incident neutron-
energy range despite the ~100 keV offset between them
and despite the fact that Chi-Nu PFNS shapes tend to agree
better with ENDF/B-VIII.O than with JEFF-3.3. This will
be discussed further in future publications.

4 Conclusions

The evolution of the PFNS from E = 1-20 MeV needs
to be known for understanding the fission process and for
applications, though at present it is not well known ex-
perimentally or theoretically. Existing data are lacking in
that few experiments measure the actinide PENS at multi-
ple incident neutron energies, and the few previous white-



source PFNS measurements of 23°Pu resulted in discrep-
ancies. The Chi-Nu experiment is providing detailed in-
formation on the PFNS of major actinides across multiple
orders of magnitude of outgoing neutron energy for inci-
dent neutron energies from 1-20 MeV. The observations
described in this proceedings show the current state of the
Chi-Nu measurements of the 23U and 2**Pu PENS, with a
focus on features of the PFNS that are either poorly-known
or have never been measured before.

In addition to providing state-of-the-art PFNS exper-
imental results, the analysis of data from the Chi-Nu ex-
periment includes an unprecedented level of attention to
systematic uncertainties and biases in neutron detection
experiments, along with associated covariances across all
measured outgoing energies and across multiple neutron
detector arrays [16]. Future Chi-Nu results will also in-
clude covariances between all incident neutron energies,
thereby creating a single, well-described, correlated PFNS
result for the majority of the PFNS incident and outgoing
neutron energy range of interest. This level of information
has never been obtained for any previous PFNS experi-
ment, and will allow for separate assessments of the PFNS
evolution as a function of incident neutron energy in terms
of both shape and magnitude. Finally, the Chi-Nu team
also intends to provide detailed documentation on every
aspect of the experiment and of the analysis. This docu-
mentation will allow future experimenters and evaluators
to modify Chi-Nu results as new information and advances
in nuclear physics are made, thereby ensuring that Chi-Nu
data never become obsolete.
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